In this research, AISI 304 austenitic stainless steels were efficient treatment using active screen plasma oxy-nitriding technique. The modified layers were characterized by X-ray photoelectron spectroscopy, X-ray diffraction, scanning electron microscopy, transmission electron microscopes, and atomic force microscopy. In addition, the pitting corrosion resistances of untreated and oxy-nitrided samples were analyzed by polarization method in 3.5 wt.% NaCl solution. The results showed that a duplex-layer consisting of a deposition layer and a diffusion layer (including CrN+α phase and nitrogen expanded austenite phase) was generated. Special concern has been given to the formation of an amorphous top layer for the deposition of nano sized oxy-nitrides. It believed that the deposition layer of oxy-nitrides formed on steel surface during active screen plasma oxy-nitriding that lead to improved corrosion resistance of AISI 304 austenitic stainless steel, so that the pitting corrosive attack can be avoided.
Introduction
With excellent plasticity and corrosion resistance, austenitic stainless steel can be used as surgical tool, human implant material and testing equipment for strong magnetic field 1 . The formation of thin passive film on steel surface can account for the resistance to general corrosion in atmosphere condition. However, the components made of austenitic stainless steel may be wear and deformation failure due to its low hardness and poor tribological properties 2 . In addition, pitting corrosion normally occurs at the sites of local heterogeneities as a consequence of local breakdown of adherent passive film in chloride (Cl -) environments [3] [4] [5] [6] [7] . The hardness and tribological properties of austenitic stainless steels can be improved by enriching the near-surface region using low temperature plasma nitriding [8] [9] [10] [11] [12] . However, direct current plasma nitriding (DCPN) technology, which has been used most frequently at present, is subjected to edge effect and surface arcing 13 . Therefore, active screen plasma nitriding (ASPN) comes as an alternative method to improve the modification of components surfaces [14] [15] [16] [17] [18] [19] . As a mature technique, the mechanism of nitrogen mass transfer in the ASPN process has never been finally determined. Zhao et al. 20 believed that the nitrogen was mainly transferred from iron nitride particles of active screen into the matrix. S. C. Gallo and Dong 21 pointed out that the mechanism of ASPN treatment may observe the model of 'sputtering-deposition-decomposition-diffusion', while A. Saeed et al. 22 believed that the 'sputtering and re-condensation' model on which the model that ASPN treatment was based. J.G. Partridge et al. 23 described that it was the implantation of energetic nitrogen species generated at the active screen that facilitate nitrogen mass transfer.
The relationship between the nitriding-oxidation and corrosion has been studied by some researchers. Lin et al.
24
found that AISI 316 austenite stainless steel can enjoy an improved corrosion resistance by performing low temperature ASPN treatment in 0.05 M H 2 SO 4 solution. By implementation of the pre-oxidation process before nitridation, it can lead to the formation of protective oxide layer on the surface, so as to improve the corrosion resistance of stainless steel 25, 26 . Yoon et al. 25 found that the successive implementation of pre-oxidation and nitridation led to the generation of oxide and discrete Cr-nitrided particles on steel surface. During post-oxidation process, it is very important to control the oxidation to avoid the formation of hematite (Fe 2 O 3 ), while to enhance formation of pure magnetite (Fe 3 O 4 ) which enjoys high corrosion resistance
27
. Parascandola et al. 28 investigated that the oxygen is present near the surface in the form of a stoichiometric and laterally homogeneous oxide layer, and it acts as a barrier for diffusional transport. A sufficiently large oxygen content stops the nitrogen diffusion so that the actual oxygen uptake during the nitrogen diffusion inside the substrate should be low. There are very few researches on the analysis of micro-morphology of the oxy-nitrided phases layer and on the influence of deposition layer to steel corrosion resistance in the chloride environments [29] [30] [31] [32] . Therefore, this paper aims at investigating the chemical and micro-structural features of the modified layers of treated AISI 304 austenitic stainless steels and thus revealing the electrochemical behavior of the deposition layer resulted by the implementation of active screen plasma oxy-nitrided treatment. 
Experiments

Materials
Coupon samples, 6 mm in thickness and 20 mm in diameter, were cut from a rolled bar of AISI 304 austenitic stainless steel, whose chemical composition is tabulated in Table 1 . The rolled bar was heat-treated for 1 h at 1050 °C under high vacuum and finally water-quenched before testing. All samples were successively gritted with SiC papers in serial No. 240, 500, 1000, 1500, and 2000, and then polished into mirror surface using 3.5 µm diamond powder, and finally cleaned with acetone in an ultrasonic bath.
Surface treatment
A LDMC-20 pulsed plasma unit was used to perform active screen plasma treatment experiments 33, 34 . According to the ASPN setups in Fig.1 , the metallic mesh, made from the 6-mm thick AISI 1020 steel plate, is connected to the cathode of the power supply. The chemical composition of the AISI 1020 steel is given in Table 1 . The samples were placed in a metal screen, floating above the insulating material. Active screen plasma oxy-nitrided (ASPON) treatments were carried out under 300 Pa at 410, 440 and 470 °C for 16 h. The flow rates of ammonia (NH 3 ) and oxygen (O 2 ) flowing in the chamber are 480~500 sccm and 10~14 sccm, respectively.
Potentiodynamic polarization measurement
The corrosion potential (E corr ) and pitting potential (E pit ) of the samples were measured in aqueous chloride solution to evaluate localized corrosion resistance of substrate and treated samples. Using a three-electrode cell consisting of a working electrode, a saturated calomel reference electrode (SCE), and a platinum rod counter electrode, the electrochemical tests were conducted in 3.5 wt.% NaCl solution using CHI-600E electrochemical working station. It is worth noting that all corrosion tests in this paper were carried out at indoor temperature.
Characterization methods
The phase structures of the untreated and treated samples were characterized using X-ray diffractometer (Bruker D8ADVANCE) with Cu Kα radiation (λ =1.5406Å). Based on FEI Quanta 200 FEG scanning electron microscopy (SEM) equipped with energy dispersive X-ray spectroscopy (EDS), the surface topographies of the polished and treated sample were analyzed. In atmosphere condition, the evolution of surface morphology was investigated using an atomic force microscope (AFM) in ultra-light tapping mode. The AFM technique allows for the measurement of the nano-roughness R a value, which is the arithmetic mean surface roughness. A JEOL-2100 transmission electron microscope (TEM) was adopted to study the microstructural characteristics of the treated layer. Chemical characterization was conducted using a V.G. Escalab250 spectrometer based on X-ray photoelectron spectroscopy (XPS). The XPS data were collected using monochromatic Al Kα radiation at 1486.6 eV, which mainly covered circular irradiated area with diameter of 500 µm. XPS spectra were obtained using an Ar ion beam to study the chemical composition at different depths. Based on the binding energy of the C 1s neutral carbon peak at 284.6 eV as reference value, the measured binding energies were corrected.
Results and Discussion
The XRD spectra of untreated and treated samples are shown in Fig.2 . In the case of untreated sample, the diffraction spectra show γ(austenite) and α(martensite) peaks. The latter phase was formed during the preparation of the samples 35 . For the sample oxy-nitrided for the 410°C, two new face centered cubic (fcc) peaks were presented. Both peaks appeared at lower angles when compared to the austenite γ phase from the substrate. These peaks have been associated with a metastable phase called 'expanded austenite' and (Fig.2) . In particular, there may be the γ'-Fe 4 N phase in the nitrided surface. It may be related to the deposition effect during ASPON treatment. This phase appears to be unique to ASPON and could not be found in a DCPN nitrided surface 37 . However, the dark spots were not observed in the nitrided 440°C sample (Fig.3b) . Xu et al. 38 suggested that the S phase consists of Fe 4 N with CrN clustering, but without precipitating compound of CrN when nitriding at a low temperature. Some dark spots become visible in the nitrided 470 °C sample (Fig.3c) , and the thickness goes up to 6.5 µm. The nitrided layer thickness increases with the process temperatures. Increased the treatment temperature (>450°C) resulted to an increase in the intensity of the CrN and α-Fe phases and a reduction of the S phases. It can be shown that the formation of these dark phases is associated with the precipitation of CrN which deteriorates the corrosion resistance of the stainless steel. Fig. 4 shows typical surface morphology and EDS microanalysis of the substrate and treated samples. According to Fig.4a , polishing scratches can be observed on the surface of the untreated samples, while particle deposition phenomenon can be observed on the surface of the treated sample (Fig.4b) . Based on the EDS analysis of surfaces of the treated samples, the presence of large amounts of nitrogen and small amounts of oxygen can be determined. The AFM results (Fig. 5 ) are well consistent with the SEM results (Fig.   Figure 2 . XRD patterns of the untreated and oxy-nitrided samples. 4). The AFM morphology of cc is shown in Fig. 5a and b. It can observe polishing characteristics on the surface of untreated samples which reaching surface roughness (R a ) of about 1.5 nm. The AFM surface micrographs of the treated samples are shown in Fig. 5c and d , from which it cancan observe a compact layer where oxy-nitrided particles in sizes of 80-160nm are arranged homogeneously, and no defects can be seen on the surface of treated sample. According to the AFM micrographs, the mean surface roughness (R a ) is 23.2 nm, which is much higher than roughness of the original sample. The deposition of a nano/micro structured layer on the treated sample are confirmed by above observations, which is different from previous studies 21, 39, 40 . When using DCPN technology, nitrided surface is featured by grain boundary and intercrystallite slip. Based on the thickness of the nitrided layer which was obtained from the trappingdetrapping diffusion model, C. Templier et al. 39 compared the swellings between <001> and <111> oriented grains and found the basis of plastic strain. J.C. Stinville et al. 41 found that, slip bands that correspond to {111} planes sliding gradually developed with the extending of nitriding time. With regard to ASPN technology, surface nitriding is basically a deposition mechanism. Sh. Ahangarani et al. 42 found that the ASPN surface is mainly composed hexagonal particles in regular distribution and well-defined boundaries. S. Corujeira Gallo et al. 21 found that that the grey surfaces were covered with fine deposited particles which could not be found in the black areas. N 1s and O 1s on the modified layer. It can be known that Fe 2p 3/2 peak mainly consists of five peaks centered at 706.4 eV (metallic Fe), 707.9 and 708.8 eV (iron oxides), and 706.9 and 707.3 eV (iron nitrides) according to the deconvolution analysis. According to the XPS spectrum of Fe 2p 3/2 , it can be known that iron is mainly in nitridation and oxidation states 43 . There is a peak at 574.3 eV which corresponds to the metallic species of Cr, and a peak at 576.4 eV which corresponds to the formation of Cr 2 O 3
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. The center of the Cr 2p 3/2 peak is located at the binding energy which is assigned to the formation of chromium nitrides 45 . The N 1s spectrum is composed of four peaks, including two strong ones at 397.5 and 398.0 eV corresponding to iron nitrides, a weak one at 397.1 eV corresponding to chromium nitrides, and one at 398.5 eV associated with an oxygen group.
According to the deconvolution of the O 1s signal peak, it can observe three peaks, including a weak one at 532.0 eV associated with nitrogen group, and two strong ones at 530.1 and 531.2 eV corresponding to chromium oxides and iron oxides, respectively. According to XPS results, the deposition layer mainly consists of oxy-nitrides of iron and element Cr. Fig. 8 shows TEM microstructure and selected area diffraction (SAD) of the modified layer. As shown in Fig. 8a , it can observe a duplex modified layer consisting of a deposition layer and an underneath high-nitrogen diffusion layer. The thickness of top deposition layer is approximately 100 nm, while the SAD pattern is in an amorphous structure which can be accounted by the high content of oxygen. P.Wilhartitz et al. 46 found that oxygen in nitrided layer played a role in stabilizing the fine crystalline structure. The XPS investigations confirmed that O-N bonding could be detected in this layer (Fig.7) . The deposition top layer is probably composed of amorphous/nanocrystalline oxy-nitrides of iron.
According to the TEM micrograph of the diffusion layer, the outer region corresponds to corresponding SAD patterns of the CrN+α-Fe phases (Fig.8c) , while inner region corresponds the S-phase (Fig.8d) . Detailed characterization showed that the S-phase of the inner region is in a face centered cubic structure with severe dislocations. However, due to effect of longtime nitriding treatment, the migration energy of substitutional atom is large enough, which can quickly realize the equilibrium. As the bond between chromium and nitrogen is stronger than that between other substitutional atoms and nitrogen, chromium nitride can nucleate and grow 8 . The nitrogen solid solution in austenite S-phase can be decomposed into CrN and α-Fe in the outer region given that the treatment time is long enough. Li 47 found that the thermodynamically metastable S phase can be transformed into the stable CrN and γ Ν after subjected to thermal annealing treatment at appropriate temperature for a certain period of time. According to SAD pattern, it can be known that this region is composed of CrN and α-Fe, which is in accordance with the XRD result (Fig.3) .
The potentiodynamic polarization curves of the untreated and treated samples in 3.5 wt.% NaCl solution obtained by Tafel extrapolation method are shown in Fig.9 . It can be seen that the untreated sample has an evident passivation region, and the corrosion potential is −0.32V (SCE) , and the current density rapidly increased at a potential of around 0.22V (SCE) . It is well known that this sudden increase in current density is caused by the break-through of the passive layer on stainless steel and pitting corrosion initiates in the chloride ion containing environment.
The corrosion behavior of the oxy-nitrided samples is largely related to their oxy-nitrided temperatures. For the 410°C oxy-nitrided sample, the corrosion potential is shifted to a higher value (−0.20V (SCE) ), and the polarization curve exhibit very low anodic current density. This indicates that the nitrided layer are able to protect the substrate, providing a good barrier against localized attack at low potential. However, the anodic current density rapidly raised with the potential (>0.23V (SCE) ), This suggests that the S phases layer is too thin to protect the surface against chloride ion attack. While the treatment temperature is further increased, the corrosion potential and corrosion resistance are decreased. It can be seen that the corrosion potential is decreased from −0.32V (SCE) for the untreated specimen to −0.33V (SCE) , −0.39V (SCE) for the nitrided 440 °C, 470 °C specimens, respectively. The shift of corrosion potential could be related to the thickness of the nitrided layer and the mixed phase structures (CrN precipitates). For the 440 °C oxy-nitrided sample, the stable and wide passivation region is resulted from the anodic polarization of the treated surface. In addition, corrosion current density and corrosion rate of treated sample are lower than those of untreated sample. It also found that the 470 °C oxy-nitrided sample show some deterioration in corrosion resistance compared with the 440 °C oxy-nitrided sample, but better than that of the untreated substrate. It can conclude that the treated sample have high pitting corrosion resistance as compared the untreated samples. Fig.10shows the SEM micrographs and EDX spectra of the untreated and oxy-nitrided samples after polarisation measurement in 3.5 wt.% NaCl solution. Looking in the magnified image of pit in Fig. 10a , it can be seen that the atomic percent of chlorine is 0.87 wt.% (Fig. 10c) , which accounts for the generation of pitting corrosion. For the untreated stainless steel, its corrosion resistance is mainly determined by a passive chromium oxide film on the surface. Such thin passive film may protect the material in environment with low and medium corrosion strength. However, its protective capability is very limited during the polarisation corrosion test in 3.5wt.% NaCl solution. As shown in Fig.10b , the 440°C oxy-nitrided sample exhibited a homogenous surface appearance with no damages. Escalada et al 48, 49 found that for suitable treatment conditions, the pitting corrosion can be suppressed even without oxygen addition. A plausible theory suggested that nitrogen in stainless steel will dissolve during corrosion process and consume the acid in pit by a reaction of (N + 4H
. This causes a local neutralising effect in the acidic pits on the corrosion surface, leading to a decreased growth rate of the pit. Stefaniszyn et al. 29 proposed that nitrided layers consisting of nitrogenexpanded austenite with a thin surface layer of Cr 2 O 3 zone can be produced due to the implementation of anti-corrosion treatment. It believed that the deposition layer of oxy-nitrides formed on steel surface during ASPON treatment that lead to improved corrosion resistance of austenitic stainless steel, so that the pitting corrosive attack can be avoided. Some particles almost completely disappear from the corrosion surface of treated sample (Fig. 10b) . The AFM investigation results of treated surfaces after the polarization measurement (Fig. 11 ) are in line with the SEM observation results (Fig. 10b) . Some large particles with mean diameter of 200~400 nm can be observed on the corrosion surface. It was caused by the dissolution of majority of particles on the surface during polarization test. According to the dissolution behavior of the anodic surface, it can find that oxygen and nitrogen in the passive state play a beneficial role in leading to the initial acceleration of the anodic dissolution which provides large number of passive species 52 . After ASP oxy-nitrided treatment, oxy-nitrides containing amorphous/ nanocrystalline top layer were generated, leading to an enhancement of pitting corrosion resistance.
Conclusion
The ASP oxy-nitrided treatment was conducted at 440 °C for 16 h, resulting in a duplex surface nitrided layer structure consisting of a deposition layer and an underneath high-nitrogen diffusion layer. The deposition method introduced 100 nm thick amorphous/nanocrystalline top layer consisting of nano structured oxy-nitrides of iron. In the diffusion layer, it can observe at inner region a single distorted fcc structure S phase, which can be decomposed into CrN and α-Fe at the outer region after keeping ASPON treatment for long enough.
Through conducting corrosion test in 3.5 wt.% NaCl solution, it can find that the treated sample enjoyed higher pitting corrosion resistance than the untreated substrate did, which was mainly due to the formation of oxy-nitrides containing amorphous layer according to TEM and XPS analyses. Anodic behaviors of treated samples showed that the oxygen and nitrogen in the passive state played a beneficial role for the initial acceleration of anodic dissolution which provided larger amounts of passive species. Further researches are needed to verify the detailed mechanisms. 
